Purpose: To evaluate the influence of surface treatment of silicone-hydrogel CL on lens hydrophobicity, protein adsorption and microbial colonisation by studying several silicone hydrogel contact lenses (CL) with and without surface treatment. The lenses used in this study were Balafilcon A, Lotrafilcon A, Lotrafilcon B and Galyfilcon A. A conventional hydrogel CL (Etafilcon A) was also tested. Methods: Hydrophobicity was determined through contact angle measurement using the advancing type technique on air. The type and quantity of proteins adsorbed were assessed through SDS-PAGE and fluorescence spectroscopy, respectively. Microbial colonisation was studied by removing the microbes from the lenses through sonication, and counting the colony-forming units on agar plates. Results: Regarding hydrophobicity, both surface and non-surface-treated silicone hydrogel CL were found to be hydrophobic, and the conventional hydrogel CL was found to be hydrophilic. Concerning protein adsorption, different protein profiles were observed on the several lenses tested. Nevertheless, the presence of proteins with the same molecular weight as lysozyme and lactoferrin was common to all lenses, which is probably related to their abundance in tears. In terms of total protein adsorption, silicone hydrogel CL did not exhibit any differences between themselves. However, the conventional hydrogel Etafilcon A adsorbed a larger amount of proteins. Regarding microbial colonisation, Balafilcon A exhibited the greatest amount of colonising microbes, which can be due to its superior hydrophobicity and higher electron acceptor capacity. Conclusion: This study suggests that silicone hydrogel lenses adsorb a lower amount of proteins than the conventional hydrogel lenses and that this phenomenon is independent of the presence of surface treatment. Concerning microbial colonisation, the surface treated Balafilcon A, exhibited a greater propensity, a fact that may compromise the lens wearer's ocular health.
Introduction
Silicone hydrogel contact lenses (CL) are the latest kind of soft lenses commercially available. This type of lens provides excellent oxygen transmissibility to the cornea on account of silicone's high oxygen transmissibility when compared to the conventional hydrogel CL [1, 2] . Silicone is a hydrophobic polymer, and for this reason most of the silicone-based CL possesses surface treatment, which decreases the surface hydrophobicity. The reduction in hydrophobicity gives a greater comfort to the wearer and additionally prevents the formation of deposits such as lipids and proteins, as well as microbial colonisation [3] [4] [5] [6] . The reduction in the lens surface hydrophobicity can be obtained through two methods. The first one consists in performing a treatment on the lens surface, which can be achieved in a gas plasma reactive chamber by creating an ultra-thin permanent coating in the cases of Lotrafilcon A and Lotrafilcon B (Ciba Vision), or by plasma oxidation, transforming the silicone into silicate compounds, in the case of Balafilcon A (Bausch & Lomb, Inc.) ( Silicone hydrogel CL, despite the advantages they offer due to their high oxygen transmissibility, also present some pitfalls, which are related to the migration of the silicone hydrophobic moieties to the lens surface [7] . As mentioned above, less hydrophobic surfaces are advantageous, since they prevent protein adsorption and microbial colonisation.
The main goal of this study is to evaluate the influence of surface treatment on CL hydrophobicity, protein adsorption, and microbial colonisation, since lenses with surface treatment are expected to exhibit different behaviours than non-surface-treated lenses. For that, a group of human volunteers wore four types of silicone hydrogel lenses: three surface-treated CL and one non-surface-treated CL. A conventional hydrogel CL (Etafilcon A, Johnson & Johnson Vision Care) was also tested. The implications of protein adsorption and microbial adhesion have already been established through ''in vitro'' studies [8] [9] [10] [11] [12] [13] . However, due to the complexity of the ocular environment, it is difficult to mimic all the conditions affecting protein adsorption and microbial adhesion. Therefore, ''in vivo'' experiments offer potentially more reliable and conclusive results. Moreover, the degree of protein adsorption and microbial colonisation in Lotrafilcon B has never been reported before.
Materials and methods

Contact lenses and subjects
The properties of the CL used in this study are detailed in Table 1 . The experiments were performed on CL previously worn by a group of 31 subjects from both sexes. The group of subjects was selected according to several criteria: the subjects had never worn CL before, were not taking any medication during the trial, did not suffer from any kind of ocular allergy, and had no predisposition to dry eye syndrome. Each type of silicone hydrogel CL was worn by approximately 8 subjects and the conventional hydrogel CL was worn by all the 31 patients, since each individual wore a certain type of silicone hydrogel CL in one eye and the conventional hydrogel CL in the other one. The subjects were instructed to wear their lenses on a daily wear schedule for 12 and 14 h and to clean and disinfect the CL overnight with a multipurpose lens care solution (ReNu MultiPlus 1 , Bausch & Lomb, Inc.). The patients were not informed about the brand or type of lenses they were using. Silicone hydrogel CL were replaced every 30 days and the conventional hydrogel CL were replaced every 15 days during the 6-month period. At the end of each wearing period, the CL were collected, placed in sterile saline solutions, and preserved at 4 8C until further analysis.
According to the manufacturer's instructions, Galyfilcon A should only be worn for a 15-day period. However, in this study, patients wore this type of lens for 30 days, in order to make possible the comparison with the other silicone hydrogel CL tested.
It must be stressed that full ethics approval was obtained, and clinical cover was provided during the trials.
Culture medium and solutions
The culture medium used in this work was tryptic soy agar (Merck, Germany). This medium was prepared according to the manufacturer's instructions, sterilised and transferred to Petri dishes. A solution of NaCl (0.9%, Sigma-Aldrich, Germany) was also prepared and sterilised.
Contact angle measurements
CL hydrophobicity was determined through the measurement of the advancing contact angle on air with a measurement apparatus. The measurements were performed at room temperature using three standard liquids of different polarities-Millipore water, formamide and 1-bromonaphtalene. Water and formamide are polar liquids, whereas 1-bromonaphtalene is non-polar. For the measurements, unworn CL were removed from their original blisters and cut into quarters. Each quarter was flattened onto a microscope slide and the excess water was gently removed with a tissue paper. The measurements were immediately performed, in order to avoid lens dehydration, using the apparatus OCA 20 (DataPhysics, Germany). For each standard liquid, 4 CL from each type were tested and 4 measurements per lens were performed.
Polyacrylamide gel electrophoresis (SDS-PAGE)
The types of proteins adsorbed onto worn CL were determined through SDS-PAGE, with a 10% gradient gel. For protein extraction, lenses were cut into quarters and incubated in 100 ml of electrophoresis buffer (1 mM EDTA, 10 mM Tris-HCl pH 8.0, 2.5% SDS and 5% bmercaptoethanol). After boiling for 15 min, the CL were centrifuged for 10 min at 9000 rpm. The supernatant was removed and applied to a 10% gradient gel. Electrophoresis was performed in the MINI-PROTEAN 1 3 Cell (BIO-RAD, USA) using 60 V. Gels were stained with silver nitrate.
Fluorescence spectroscopy
The total amount of proteins adsorbed onto worn CL was estimated by fluorescence spectroscopy. When excited at 280 nm, proteins emit fluorescence due to the presence of fluorophore tryptophan [14] . Since there is no standard solution of tear-film proteins, the method was calibrated with different concentrations of bovine serum albumin (BSA) (Sigma-Aldrich, Germany). An excellent linearity between the BSA concentration and fluorescence intensity was found (Y = 1.895x + 6.6409; R = 0.9998). Protein extraction was performed as described by Keith et al. [15] . According to the authors' procedures, CL were soaked in extraction buffer (acetonitrile and 0.2% trifluoroacetic acid (50:50)) and incubated in an orbital shaker (140 rpm) overnight. After this period, lenses were centrifuged for 10 min at 9000 rpm. Samples were analysed at an excitation wavelength of 280 nm and an emission of 360 nm (Spectrofluorimeter Jasco FP-6200, Japan). The measurements were performed in a quartz cell (Hellma, Germany).
Colony-forming units
Microbial colonisation was evaluated through the enumeration of colony-forming units (CFU). After wear, each CL was aseptically removed from the eye of the volunteer and placed in 1 ml of sterile saline solution (0.9% NaCl). The lenses were sonicated (450W Ultrasonic Processor, Cole & Parmer, USA) for 1 min at an amplitude of 20 with a (1/8) in. probe. The suspension was spread onto a TSA plate and the CFU were enumerated after 24 and 48 h of incubation at 37 8C. The sonication time and power were optimised in order to detach the maximum number of adhered cells without cell disruption (assessed by plating the final suspension onto TSA plates).
Statistical analysis
The total amounts of proteins adsorbed onto the different types of CL were compared through one-way ANOVA, and the amounts of microbial cells colonising each CL were compared using the non-parametric Mann-Whitney U-test at a 95% confidence level. The statistical analysis was performed using the statistical program SPSS (Statistical Package for the Social Sciences).
Results
Hydrophobicity
Hydrophobicity was calculated as the free energy of interaction between two identical surfaces (s) immersed in water (w) [16] :
sws expresses the degree to which the attraction of the surface (s) towards water (w) is greater (hydrophilicity) or smaller (hydrophobicity) than the attraction between two moieties of that surface. Thus, when the global free energy of interaction between two identical surfaces (s) immersed in water is repulsive (has a positive value) the surface (s) is considered hydrophilic. On the other hand, the more negative DG tot sws is, the higher the solid surface hydrophobicity is.
The values of the surface tension components and hydrophobicity are detailed in Table 2 . From the results obtained it can be concluded that silicone hydrogel CL are hydrophobic, since DG tot sws is <0, and the conventional hydrogel CL is hydrophilic. Balafilcon A's surface presents the greatest surface hydrophobicity and can be considered a great electron acceptor (high value of g + ).
Types of proteins adsorbed
The molecular weights of the adsorbed proteins are detailed in Table 3 . According to the results obtained, every lens material exhibited a specific protein profile, Galyfilcon A being the lens presenting a greater variety of molecular weights. Proteins with molecular weights similar to those of lactoferrin and lysozyme were the most frequently found in the lenses tested.
Total amount of proteins
The estimated amounts of proteins adsorbed are present in Table 4 . It is possible to conclude that all silicone hydrogel CL exhibit lower levels of protein adsorption ( p = 0.000) when compared with the conventional hydrogel CL (Etafilcon A). Despite the diversity of proteins observed in Galyfilcon A using SDS-PAGE, this lens is not more prone to protein adsorption than the other silicone hydrogel CL. It must be stressed that the amounts of proteins were estimated using BSA as standard-therefore, the values presented cannot be seen as absolute amounts of proteins.
Microbial colonisation
The values of CFU/ml present in Table 5 indicate the amount of microbial cells able to grow on TSA plates at 37 8C, and are estimates of the extent of the CL's colonisation with viable microbial cells. The results show that Balafilcon A seems to be more prone to microbial colonisation than the other CL, exhibiting an average value of 2.32 Â 10 6 CFU/ml, which is statistically significant ( p < 0.005). Microbial colonisation in Galyfilcon A, despite the absence of surface treatment, was similar to those of Lotrafilcon A ( p = 0.231) and Lotrafilcon B ( p = 0.817). Concerning the conventional hydrogel CL (Etafilcon A), this lens exhibited a greater amount of viable cells than Galyfilcon A ( p = 0.017) and Lotrafilcon A ( p = 0.00).
Discussion
The present study focuses the effect of silicone hydrogel CL's surface treatment on hydrophobicity, protein adsorption, and microbial colonisation. Due to the important role of hydrophobicity in protein adsorption and microbial colonisation, this property was evaluated in a quantitative way, contrarily to most of the studies [17] [18] [19] .
In the present study, it was found that the silicone hydrogel CL with surface treatments (Table 2 ) and the nonsurface-treated CL (Galyfilcon A) present similar degrees of hydrophobicity, meaning that the wetting agent and the application of a surface treatment have a similar effect on the lens hydrophobicity. The conventional hydrogel CL is hydrophilic, as reported by other studies [17] .
SDS-PAGE analysis (Table 3 ) revealed different protein profiles on the several lens materials. Proteins with molecular weights equivalent to the molecular weights of lactoferrin and lysozyme were the most frequently extracted from all lens materials, probably on account of their abundance in the tear-film [20] . It seems that 14.4 kDa proteins (probably lysozyme) preferentially adsorb onto Etafilcon A CL. This is probably due to the electrostatic attraction between these two entities, since this protein is positively charged at physiological pH, while Etafilcon A is negatively charged. It is well reported that protein adsorption is a phenomenon determined by the lens hydrophobicity and in lesser extent, by the hydrophobicity of the proteins' amino acid residues. This interaction is also influenced by the electrostatic attraction between the lens surface and proteins with opposite charges [21] . Galyfilcon A adsorbed a greater diversity of proteins when compared with all the other lenses, which may be related to the absence of surface treatment and also to its chemical composition. It must be stressed that this type of lens was worn for a longer period than that recommended by the manufacturer (30 days). Nevertheless, neither signs of material degradation nor wearer discomfort were observed (data not shown) during the wearing period.
The fluorescence data (Table 4) revealed that Etafilcon A adsorbs a greater amount of proteins than silicone hydrogel CL. This result has been previously reported by several authors [9, 12, 13] , while specifically studying ''in vitro'' lysozyme adsorption. Hydrophilic polymers such as Etafilcon A naturally hinder protein adsorption because the water must be displaced for protein adsorption to occur, and this process is energetically unfavourable. However, the accentuated dehydration of this lens [22] could allow the interaction with other molecules-in this case, proteins. ''In vitro'' dehydration studies have revealed that conventional hydrogel CL are more prone to dehydratation than silicone hydrogel CL [23] , so, regardless of their hydrophilicity, conventional hydrogel CL adsorb more proteins than the other lenses, even if worn for a shorter period of time (15 days). Concerning Galyfilcon A, it was interesting to conclude that the absence of surface treatment did not lead to an increase in the amount of proteins adsorbed, despite the great diversity of proteins adsorbed. It should be considered the possibility that the variety and amount of proteins adsorbed onto the different CL could have been influenced by the lens material or by the lens care solution used. According to Pritchard et al. [24] , the use of ReNu Multiplus has been associated to higher levels of corneal staining when compared to ReNu Multipurpose Solution and Opti-Free Express. The measurement of the corneal staining is a useful tool to determine the impact of a multipurpose system or the impact of their interaction with the lens material on cornea. Despite being out of the aim of the present study, this evaluation was performed. The main finding is that all CL wearers exhibited corneal staining with the exception of one silicone hydrogel lens. As different levels of corneal abrasion may induce different levels in irritation and protein secretion, we believe that the protein levels and profiles observed for each CL may have been influenced either by the multipurpose lens care solution as by their interaction with lens material. Regarding CFU's analysis, the CL presented different levels of microbial colonisation (Table 5) , Balafilcon A being the lens more prone to microbial colonisation. This fact may be related to its hydrophobicity, as it is already well established that microbial adhesion is determined by lens surface hydrophobicity [25] , as well as microorganisms, are usually negatively charged. However, hydrophobic interactions are stronger than repulsive forces and tend to attract bacteria near to the surface, leading to their adhesion [26] . Moreover, this lens presents a high electron acceptor capacity, which may possibly enhance adhesion on account of the increase in Lewis acid base interactions with the microbial cells. In a previous report in which ''in vitro'' adhesion of Staphylococcus epidermidis and Pseudomonas aeruginosa to several silicone hydrogel CL was studied, Balafilcon A was also shown to be more prone to adhesion than the other lenses [25] . In that study, the adhesion assays were performed on unworn contact lenses. However, ''in vivo'' CL are subjected to the adsorption of tear-film molecules that may influence lens surface's properties [19] and adhesion propensity. Nevertheless, both ''in vivo'' and ''in vitro'' studies led to the same conclusion concerning the high susceptibility to microbial colonisation of Balafilcon A. One other factor that may bear influence on this lens's susceptibility to microbial colonisation is its high roughness.
Balafilcon A is rougher than both Lotrafilcon A and Galyfilcon A due to its surface treatment, which presents silicate islands [27] . The surface treatment of this lens based on plasma oxidation is different from those of Lotrafilcon A and Lotrafilcon B, which are made through plasma coating, resulting in a smoother surface with a high refractive index. It was previously demonstrated that microbial adhesion may increase by enhancing roughness [28, 29] , and for this reason we believe that this surface property may have played an important role in microbial colonisation.
Summarising, all silicone hydrogel CL are hydrophobic and adsorb smaller amounts of proteins than the conventional hydrogel CL, regardless of the presence of surface treatment. Nonetheless, all lenses exhibited the presence of different protein profiles. The possibility of the multipurpose lens care solution or the lens material having an impact on this result should not be excluded, since shifts on ocular irritation may induce different protein secretion. The surface-treated Balafilcon A seems to be more prone to microbial colonisation, which may be related to its greater hydrophobicity and higher electron acceptor capacity. In terms of clinical implications, there are apparently no differences between surface-treated and untreated CL, except for Balafilcon A, since it exhibited a higher amount of colonising microbes.
